Lansey MN, Walker NN, Hargett SR, Stevens JR, Keller SR. Deletion of Rab GAP AS160 modifies glucose uptake and GLUT4 translocation in primary skeletal muscles and adipocytes and impairs glucose homeostasis. Am J Physiol Endocrinol Metab 303: E1273-E1286, 2012. First published October 9, 2012; doi:10.1152/ajpendo.00316.2012.-Tight control of glucose uptake in skeletal muscles and adipocytes is crucial to glucose homeostasis and is mediated by regulating glucose transporter GLUT4 subcellular distribution. In cultured cells, Rab GAP AS160 controls GLUT4 intracellular retention and release to the cell surface and consequently regulates glucose uptake into cells. To determine AS160 function in GLUT4 trafficking in primary skeletal muscles and adipocytes and investigate its role in glucose homeostasis, we characterized AS160 knockout (AS160 Ϫ/Ϫ ) mice. We observed increased and normal basal glucose uptake in isolated AS160 Ϫ/Ϫ adipocytes and soleus, respectively, while insulin-stimulated glucose uptake was impaired and GLUT4 expression decreased in both. No such abnormalities were found in isolated AS160 Ϫ/Ϫ extensor digitorum longus muscles. In plasma membranes isolated from AS160 Ϫ/Ϫ adipose tissue and gastrocnemius/quadriceps, relative GLUT4 levels were increased under basal conditions and remained the same after insulin treatment. Concomitantly, relative levels of cell surface-exposed GLUT4, determined with a glucose transporter photoaffinity label, were increased in AS160 Ϫ/Ϫ adipocytes and normal in AS160
soleus under basal conditions. Insulin augmented cell surface-exposed GLUT4 in both. These observations suggest that AS160 is essential for GLUT4 intracellular retention and regulation of glucose uptake in adipocytes and skeletal muscles in which it is normally expressed. In vivo studies revealed impaired insulin tolerance in the presence of normal (male) and impaired (female) glucose tolerance. Concurrently, insulin-elicited increases in glucose disposal were abolished in all AS160 Ϫ/Ϫ skeletal muscles and liver but not in AS160 Ϫ/Ϫ adipose tissues. This suggests AS160 as a target for differential manipulation of glucose homeostasis. insulin signaling; membrane trafficking; glucose disposal THE REGULATION of the subcellular distribution of the glucose transporter GLUT4 in skeletal muscles and adipocytes is crucial to the maintenance of glucose homeostasis (39) . Under fasting conditions, GLUT4 is predominantly sequestered in intracellular vesicles (GLUT4 vesicles) and is present at low levels at the cell surface. This limits glucose uptake into skeletal muscles and adipocytes, and circulating glucose is available to the brain to meet its energy needs. Insulin released after a meal stimulates, within minutes, the redistribution of GLUT4 to the cell surface by facilitating GLUT4 vesicle movement toward, and docking and fusion with, the plasma membrane (referred to as GLUT4 translocation). The resulting increase of GLUT4 at the cell surface leads to increased glucose uptake into skeletal muscles and adipocytes and disposal of 80 -90% of ingested glucose. The molecular mechanisms by which GLUT4 is retained within primary adipocytes and skeletal muscles under fasting conditions, and by which insulin releases GLUT4 to the cell surface, are currently largely unknown. However, studies in cultured adipocytes and muscle cells expressing tagged GLUT4 to follow GLUT4 trafficking identified a role for the Rab GTPase-activating protein (Rab GAP) and Akt substrate of 160 kDa (AS160) in GLUT4 retention and release (11, 15, 27, 42, 47) .
AS160 was discovered in 3T3-L1 adipocytes as a protein that was phosphorylated in response to insulin on multiple Akt recognition sites (17) . A number of studies in cultured cells, predominantly 3T3-L1 adipocytes and L6 muscle cells, subsequently established the following model for AS160 function in GLUT4 trafficking (23) . Under basal conditions, AS160 localizes to GLUT4 vesicles and is active as a Rab GAP. Consequently, AS160 keeps its Rab substrate, also in GLUT4 vesicles, inactive (GDP bound) and thus sustains GLUT4 intracellular retention. In response to insulin, AS160 is phosphorylated by Akt, and AS160 Rab GAP activity is inhibited. Its Rab substrate, now active (GTP bound), facilitates GLUT4 vesicle movement to and/or docking and fusion with the plasma membrane.
To determine the physiological role of AS160 in GLUT4 trafficking and thus the regulation of glucose uptake in primary adipocytes and skeletal muscles and control of glucose homeostasis, we used mice with a deletion of AS160 (AS160 Ϫ/Ϫ mice). We found that AS160 is required for the proper regulation of GLUT4 trafficking and glucose uptake in adipocytes and skeletal muscles. Furthermore, we demonstrate that AS160 plays a crucial role in whole body glucose homeostasis.
MATERIALS AND METHODS

AS160
Ϫ/Ϫ mice. Mice with a deletion of AS160 were generated by Lexicon Genetics (Woodland, TX) by replacing exon 1 (containing the translation start site) and part of the intron downstream of exon 1 in the AS160 gene with a neo cassette. We obtained mice heterozygous for the AS160 deletion (AS160 ϩ/Ϫ ) on a mixed 129 SvEvBrd and C57BL/6J albino background from Lexicon Genetics and backcrossed them onto a C57BL/6N background using microsatelliteassisted selection as described (18) . Briefly, polymorphic microsatellite maps for 66 markers were obtained for five male AS160 Ϫ/Ϫ mice on the mixed 129 SvEvBrd and C57BL/6 albino background. Microsatellite genotyping was performed using a standard protocol (9) . Because of the mixed genetic background, we chose to initiate breeding of a (129 SvEvBrd ϫ C57BL/6J) F1 male with the highest frequency of polymorphism to minimize the likelihood of transmitting hidden chromosome segments from the founding donor. The selected male was back-crossed to a female C57BL/6N (Taconic). Microsatellite markers in offspring were genotyped, and, using the same rationale as described above, again a male with the highest frequency of polymorphism was selected for back-crossing to a female C57BL/6N mouse. In the next round of back-crossing, male offspring with highest frequency of microsatellite markers for C57BL/6N were chosen for further breeding with female C57BL/6N mice to finally obtain offspring with all 66 microsatellite markers homozygous for C57BL/6N. These were intercrossed to expand the colony, and female offspring were then back-crossed to a male C57BL/6N mouse to introduce the C57BL/6N male Y chromosome into the colony. To maintain the C57BL/6N colony, offspring from these breeders were then intercrossed.
Genotyping. Genotyping for the mutant AS160 locus was performed by PCR on genomic DNA isolated from mouse tail snips using the DirectPCR Lysis Reagent (Viagen Biotech). Forward primers used were 5=-AGTAGACTCAGAGTGGTCTTGG-3= for the wild-type allele and 5=-GCAGCGCATCGCCTTCTATC-3= for the knockout allele; the reverse primer common to both alleles was 5=-TCTG-GAGAAATACTGGACACTAAGC-3=. Primers were obtained from Integrated DNA Technologies (IDT). PCR was performed using the HotStar HiFidelity Polymerase Kit (Qiagen) with a Mg 2ϩ concentration of 1.75 mM in separate reactions for the wild-type and the AS160 knockout alleles. For PCR amplification, the following conditions were used: for the wild-type allele initial denaturation and enzyme activation step were at 95°C for 15 min followed by 10 cycles with denaturation at 94°C for 20 s, annealing at 60°C for 35 s in first cycle and then reduced by 1°C in each cycle to reach 50°C in the 10th cycle, and extension at 72°C for 60 s, followed by 35 cycles at 94°C for 20 s, annealing at 50°C for 30 s, and extension at 72°C for 60 s; for the AS160 knockout allele, initial denaturation and enzyme activation step were at 94°C for 15 min followed by 10 cycles with denaturation at 94°C for 20 s, annealing at 65°C for 35 s in first cycle and then reduced by 1°C in each cycle to reach 55°C in the 10th cycle, and extension at 72°C for 60 s, followed by 30 cycles at 94°C for 20 s, annealing at 55°C for 30 s, and extension at 72°C for 60 s. The PCR products with expected sizes of 491 bp for the wild-type and 393 bp for the AS160 knockout allele were separated on 1.2% agarose gels in Tris-borate-EDTA buffer (130 mM Tris base, 45 mM boric acid, and 2.5 mM EDTA). The PCR products were visualized with Sybr Gold (Molecular Probes). The DNA size standard used was the lowmolecular-weight DNA ladder from New England Biolabs (NEB).
For experiments described below, mice homozygous for AS160 deletion (AS160 Ϫ/Ϫ ) and wild-type littermates (AS160 ϩ/ϩ ) were obtained predominantly from heterozygous (AS160 ϩ/Ϫ ) parents. AS160 Ϫ/Ϫ and AS160 ϩ/ϩ mice used in each experiment were matched for age and sex. Mice were housed under temperature-and humidity-controlled conditions under a constant 14:10-h light-dark cycle while being allowed free access to water and chow (7912 Teklad LM-485, Harlan Laboratories). All animal procedures were approved by the University of Virginia Institutional Animal Care and Use Committee.
Glucose uptake assays in isolated adipocytes and skeletal muscles. Glucose uptake in isolated adipocytes was measured as described (29) . The glucose uptake data were expressed in amoles per minute per cell by calculating cell numbers from lipid weights and adipocyte sizes as described (38) . Glucose uptake in isolated soleus and extensor digitorum longus (EDL) muscles was performed as described (19) , except that 2-deoxy-D- [1,2- 3 H]glucose (PerkinElmer cat. no. NET 549A250UC) at 0.1625 mCi/mmol was used and the uptake allowed to proceed for 20 min (40) .
Subcellular fractionation of adipose tissue and skeletal muscle. Mice fasted for 6 h (6 AM-12 PM) were anesthetized with Nembutal (50 g/g body wt) and no insulin or insulin (Humulin R, Eli Lilly, 21 mU/g body wt) injected intraperitoneally. After 30 min, mice were euthanized by cervical dislocation, and epididymal or parametrial adipose tissue and gastrocnemius and quadriceps were dissected. Subcellular fractions were prepared (20, 22) , and homogenates (adipose tissue), total membranes (gastrocnemius/quadriceps), and plasma membranes were immunoblotted for GLUT4.
Labeling of cell surface GLUT4 in adipocytes and soleus muscles. Cell surface labeling was performed as described (26, 41, 49) Glucose and insulin tolerance tests and analysis of blood glucose and plasma insulin. Glucose and insulin tolerance tests were performed as described (20) , except that for the glucose tolerance test, glucose (1 and 2 mg/g body wt) was administered intraperitoneally, and blood glucose levels were measured using a OneTouch Ultra glucometer (Lifescan). Random-fed and fasting glucose and insulin were determined in tail vein blood as described (12) , except that plasma insulin was measured with an ultrasensitive mouse insulin ELISA kit (ALPCO Diagnostics, cat. no. 80-INSMSU). When insulin levels during a glucose tolerance test were determined, blood was collected from the tail vein at 0, 5, and 30 min after the injection of glucose, and blood glucose and plasma insulin were determined as described above.
Glucose disposal in adipose and skeletal muscle tissues and glucose incorporation into glycogen in liver in vivo. Mice were fasted for 6 h (6 AM-12 PM) and then injected intraperitoneally with 2-deoxy-
3 H]glucose (10 Ci) in either saline or glucose (2 g/kg body wt). Blood was collected at 0, 15, 30, 60, and 120 min after the injections for the determination of blood glucose and 2-deoxy-D-[1,2-3 H]glucose, and tissues were dissected and processed at 120 min as described (52) , except that insoluble material was pelleted from the tissue homogenates in water without perchloric acid treatment (16) . Glucose uptake and glucose incorporation into glycogen were calculated as described (52) and were expressed in nanomoles of glucose per gram of tissue per minute.
Preparation of tissues and cells for immunoblotting. For experiments without insulin stimulation, tissues were isolated from randomfed mice, and homogenates were prepared as described (19) . For the determination of GLUT1 expression in isolated white adipocytes, adipocytes were isolated by collagenase digestion as described (29) , and lysates in SDS sample buffer were prepared from adipocytes after three washes in KRBH buffer without BSA. For the determination of GLUT1 expression in gastrocnemius/quadriceps, total membrane pellets obtained during subcellular fractionation (described above) were immunoblotted as described below. For the determination of Akt and Akt substrate phosphorylation, adipose tissue and gastrocnemius muscles were obtained from mice treated without or with insulin as described above for subcellular fractionations. Tissues were homogenized in homogenization buffer (HB; 25 mM HEPES, pH 7.4, 100 mM NaCl, 1 mM Na3VO4, 20 mM sodium pyrophosphate, 3 mM N-ethylmaleimide, 1 g/ml pepstatin, 10 M EP475, 10 g/ml aprotinin, 0.2 mM PMSF, 10 mM ␤-glycerophosphate, and 10 mM sodium fluoride). Soleus and EDL muscles were isolated from anesthetized mice and preincubated for 1 h at 29°C in Krebs-Henseleit bicarbonate buffer with 0.1% BSA, 8 mM glucose, and 32 mM mannitol with shaking and under continuous gassing with 95% O2-5% CO2 as described (19) . Muscles were then incubated for 15 min at 29°C with shaking and under continuous gassing in the above buffer without insulin or with insulin at concentrations that yielded halfmaximal (0.42 nM insulin) and maximal (1.7 nM insulin) Akt phosphorylation. Muscles were then frozen in liquid nitrogen and homogenates prepared in HB. Adipocytes were isolated by collagenase digestion from epididymal and parametrial fat pads as described (29) .
After isolation, cells were washed three times in KRBH buffer containing BSA and three times in KRBH buffer without BSA. Cells were resuspended in KRBH buffer without BSA to yield a 10% cell suspension, and aliquots of the cell suspension were incubated with no insulin and increasing concentrations of insulin at 37°C for 15 min under continuous swirling. The treated cells were centrifuged at 300 g for 1 min to pack adipocytes on top of the buffer. The infranatant was removed, and the adipocytes were frozen in liquid nitrogen. Cell lysates were prepared by adding SDS sample buffer containing DTT. Protein concentrations were determined in SDS samples of homogenates, and cell lysates and equal amounts of protein were subjected to immunoblotting with phospho (p-)Akt substrate, Tbc1d1, p-Akt, and Akt antibodies.
Immunoblotting. AS160 immunoblots were carried out as described (17) with antibodies raised against a GST fusion protein with a 250-amino acid (aa 577-826) portion of mouse AS160 (11) (see Fig.  1B ) and antibodies raised against the carboxyl terminus of mouse AS160 (42) (see Fig. 5G ). To detect abundant proteins cross-reacting with the AS160 antibodies, membranes were reversibly stained with Ponceau S (0.1% Ponceau S in 5% acetic acid) before incubation with antibodies. Immunoblots with p-Akt substrate (p-AS) antibodies (Cell Signaling Technology, cat. no. 9611, 1:1,000 diluted) and p-Akt antibodies (p-Akt Ser 473 -specific antibody antibody, Cell Signaling Technology, cat. no. 9271, 1:1,000 diluted) were carried out following the manufacturer's instructions. For the detection of p-AS, horseradish peroxidase (HRP)-coupled secondary antibodies and enhanced chemiluminescence was used as described below for GLUT1. For the detection of p-Akt, fluorescent secondary antibodies were used as described below for GLUT4. Immunoblots were stripped and reprobed for Tbc1d1 as described (5) and for total Akt using an Akt antibody (Cell Signaling Technology, cat. no. 9272, 1:1,000 diluted). GLUT4 immunoblots were performed as described (19) , except that the secondary antibody was goat anti-rabbit IRDye 800 CW (LI-COR Biosciences, cat. no. 926-32211) diluted 1:15,000, blocking was performed in blocking buffer (LI-COR Biosciences, cat. no. 927-40000), primary and secondary antibodies were diluted in blocking buffer and washes were done in Tris-buffered saline containing 0.01% Tween 20. Fluorescent signals were detected and quantified using the Odyssey Infrared Imaging System (LI-COR Biosciences). For GLUT1 immunoblots, a polyclonal rabbit GLUT1 antiserum, generously provided by Dr. Samuel Cushman (National Institutes of Health), was used at a 1:1,000 dilution, and immunoblots were carried out as for GLUT4 with the exception that the secondary antibody used was goat anti-rabbit HRP (cat. no. 170-6515, BioRad), and the detection method was enhanced chemiluminescence (Amersham ECL Plus, cat. no. RPN2132, GE Healthcare Life Sciences) as described (19) .
RNA preparation and determination of GLUT4 mRNA. Total RNA was isolated from epididymal and parametrial adipose tissues, and soleus and EDL muscles, using TRIzol Reagent according to the manufacturer's instructions (Life Technologies, cat. no. 15596-026). GLUT4 mRNA was then measured using a Quantitect Probe RT-PCR kit (Qiagen, cat. no. 204443). The Taqman probe for GLUT4 and the primers used were as described in Ref. 43 . To determine the relative GLUT4 mRNA expression levels, a standard curve was obtained for one of the AS160 ϩ/ϩ samples by running reactions with four different amounts of total RNA (20, 10, 5, and 2.5 ng for adipose tissues and 10, 5, 2.5, and 1.25 ng for soleus and EDL) and plotting the threshold cycles vs. the log of total RNA input. Relative levels of GLUT4 mRNA in each sample were then derived from the standard curve.
Statistical analysis. Statistical analysis was performed with GraphPad Prism software (GraphPad Software). One-sample t-tests with AS160 ϩ/ϩ basal assigned values of 100 or 1, unpaired two-tailed t-tests, and two-way ANOVA were used to compare data (means Ϯ SE) as specified in the figure legends. Differences were considered significant for P values Ͻ 0.05.
RESULTS
Generation of whole body AS160
Ϫ/Ϫ mice. AS160 Ϫ/Ϫ and AS160 ϩ/ϩ offspring of heterozygous (AS160 ϩ/Ϫ ) breeders were identified by genotyping (Fig. 1A) . The AS160 Ϫ/Ϫ mice did not exhibit apparent developmental abnormalities, and their body weights were similar to those of wild types (Table 1) . The lack of AS160 protein in AS160 Ϫ/Ϫ mice was established for adipose tissues and skeletal muscles (Fig. 1B) . But note, in these constitutive AS160
Ϫ/Ϫ mice, AS160 is absent from all tissues. As shown for AS160 ϩ/ϩ tissues, AS160 is more abundant in white and brown adipose tissue than in soleus muscle (Fig. 1B,  left) . In addition, differentially spliced isoforms of AS160 are expressed in adipose and muscle tissues, with a shorter version expressed in the former and a longer version in the latter (37) . Among the different skeletal muscles, AS160 is well expressed in soleus and gastrocnemius but is only barely detectable in extensor digitorum longus (EDL) and tibialis anterior (TA) muscles (Fig.  1B, right) . The faint band visible in all AS160
Ϫ/Ϫ skeletal muscles aligns with an abundant protein in skeletal muscle tissues that cross-reacts with the AS160 antibody.
Akt substrate phosphorylation and Tbc1d1 expression in AS160
Ϫ/Ϫ adipose tissues and skeletal muscles. AS160 (also designated Tbc1d4) (34) belongs to a family of proteins that are characterized by a TBC domain, a region that is found in the tre-2 oncogene and the yeast cell cycle regulators BUB2 and cdc16 (36) and corresponds to the Rab GAP domain. Among the TBC/Rab GAP domain-containing proteins, Tbc1d1 shares the highest resemblance to AS160; it has a similar size and structure, is 47% identical overall, and 79% identical in the carboxyl-terminal Rab GAP domain (37) . Both AS160 and Tbc1d1 contain potential Akt phosphorylation sites and are phosphorylated by Akt when it is activated in response to insulin (6, 35, 42, 46) . To evaluate whether Tbc1d1 compensated for AS160 in the AS160 Ϫ/Ϫ mice, we determined phosphorylation of AS160 and Tbc1d1 in basal and insulin-treated AS160 ϩ/ϩ and AS160 Ϫ/Ϫ adipose tissues and skeletal muscles in response to insulin by using p-Akt substrate antibodies and determined Tbc1d1 expression. In brown and white adipose tissues, soleus and gastrocnemius ( Fig. 1C and data not shown), AS160 was the major Akt substrate of 160 kDa that was phosphorylated in response to insulin. Tbc1d1 was barely detectable in both AS160
Ϫ/Ϫ and AS160 ϩ/ϩ tissues. Insulin increased the phosphorylation of an Akt substrate of 160 kDa in both AS160
Ϫ/Ϫ and AS160 ϩ/ϩ EDL to similar extents. Immunoblotting of the same samples with Tbc1d1-specific antibodies identified this Akt substrate as Tbc1d1. Comparison of the levels of Tbc1d1 expression between AS160 Ϫ/Ϫ and AS160 ϩ/ϩ tissues did not reveal any differences. Thus, Tbc1d1 does not compensate for the lack of AS160 by increased expression or insulin-elicited phosphorylation. To further evaluate whether alterations in signaling upstream of AS160/Tbc1d1 occurred in the AS160 Ϫ/Ϫ mice, we determined basal and insulinstimulated phosphorylation of Akt. There were no differences in phosphorylation or expression of Akt between AS160 Ϫ/Ϫ and AS160 ϩ/ϩ mice in any of the adipose and muscle tissues under both in vivo and in vitro conditions (Fig. 1D ).
Glucose uptake, GLUT4 expression and GLUT4 subcellular distribution in AS160
Ϫ/Ϫ adipocytes. Basal and insulin-stimulated glucose uptakes in primary adipocytes are predominantly mediated by GLUT4 (representing ϳ90% of total glucose transporters in these cells) and correlate with GLUT4 cell surface expression (14) . Thus, changes in GLUT4 expression and/or cell surface exposure would be expected to lead to changes in glucose uptake. When evaluating glucose uptake in isolated AS160
Ϫ/Ϫ adipocytes, we found that basal glucose uptake was increased 1.7-fold and insulin-stimulated glucose uptake decreased by 35% compared with AS160 ϩ/ϩ adipocytes ( Fig. 2A) . Insulin still stimulated glucose uptake significantly in AS160 Ϫ/Ϫ adipocytes, but the fold stimulation was lower than in AS160 ϩ/ϩ adipocytes (1.7-fold vs. 4.4-fold). Concomitantly, GLUT4 protein was decreased by 58% ( ϩ/ϩ and AS160 Ϫ/Ϫ mice, and soleus, extensor digitorum longus (EDL), gastrocnemius (Gastro), and tibialis anterior (TA) homogenates (100 g total protein/lane) from 5-to 6-mo-old female AS160 ϩ/ϩ and AS160 Ϫ/Ϫ mice were immunoblotted with AS160 antibodies against a GST fusion protein with a 250-amino acid (aa 577-826) portion of mouse AS160 (11) . AS160 is absent from all tissues derived from AS160 Ϫ/Ϫ mice.
Faint band visible in all AS160
Ϫ/Ϫ skeletal muscles with similar molecular weight as AS160 aligns with an abundant protein that stains with Ponceau S in all skeletal muscle tissues. BAT, WAT, and soleus samples shown on left were run on one gel; all skeletal samples on right were run together on another, allowing direct comparison of AS160 expression between BAT, WAT, and soleus on one side and the different skeletal muscle types on the other. Arrows point to AS160. C: Akt substrate phosphorylation and Tbc1d1 expression in adipose tissues and skeletal muscles. Epididymal adipose tissue and gastrocnemius were obtained from 2-to 3-mo-old male and female, respectively, AS160 ϩ/ϩ and AS160 Ϫ/Ϫ mice treated without (Bas) or with insulin (Ins) (21 mU/g body wt) in vivo. Soleus and EDL were isolated from 10-to 12-wk-old female AS160
Ϫ/Ϫ and AS160 ϩ/ϩ mice and incubated with no insulin or increasing concentrations of insulin as indicated. Homogenates (100 g total protein) were immunoblotted for phosphorylated Akt substrates (p-AS; top). Blots were stripped and reprobed with Tbc1d1 antibodies (bottom). Immunoblots were repeated with Ն1 other set of samples, and similar results were obtained. Quantitations of Tbc1d1 signals and comparison of means Ϯ SE (n ϭ 3-4) for AS160
Ϫ/Ϫ and AS160 ϩ/ϩ tissues with unpaired 2-tailed t-tests showed no significant differences (data not shown). D: Akt phosphorylation and expression in adipose tissues and skeletal muscles. WAT and gastrocnemius homogenates were obtained from 5-to 7-mo-old female and 8-to 9-wk-old male, respectively, AS160
Ϫ/Ϫ and AS160 ϩ/ϩ mice treated without (Bas) or with insulin (21 mU/g body wt) in vivo. Parametrial adipocytes (isolated adipocytes), soleus, and EDL were obtained from 10-to 12-wk-old female AS160
Ϫ/Ϫ and AS160 ϩ/ϩ mice and incubated with no insulin or increasing concentrations of insulin as indicated. Adipocyte lysates (20 or 30 g total protein/lane), WAT (28 g total protein/lane), gastrocnemius, soleus, and EDL homogenates (100 g total protein/lane) were immunoblotted for p-Akt Ser 473 (top) and total Akt (bottom). Experiments were repeated with Ն1 more set of samples, and similar results were obtained. Signals for p-Akt and Akt were quantified and normalized to AS160 ϩ/ϩ Bas (assigned a value of 1), and ratios for p-Akt/Akt were calculated. Means Ϯ SE (n ϭ 3-4) for AS160
Ϫ/Ϫ and AS160 ϩ/ϩ for each condition were compared with unpaired 2-tailed t-tests; no significant differences (P Ͻ 0.05) were observed (data not shown). Experiments for isolated adipocytes, soleus, and EDL were repeated with 9-to 10-wk-old male AS160 Ϫ/Ϫ and AS160 ϩ/ϩ mice, and similar results as shown for female were obtained.
tially increased. However, GLUT1 levels were normal in AS160 Ϫ/Ϫ adipocytes (Fig. 2C ). As shown in Fig. 1D , changes in glucose uptake in AS160
Ϫ/Ϫ adipocytes were also not due to alterations in signaling upstream of AS160; there were no differences in phosphorylation or expression of Akt between AS160 Ϫ/Ϫ and AS160 ϩ/ϩ adipocytes. Thus, abnormalities in glucose uptake in AS160 Ϫ/Ϫ adipocytes could not be explained by changes in GLUT4 and GLUT1 expression or changes in signaling through Akt. However, consistent with the increased basal glucose uptake, we observed that parametrial and epididymal fat depots were significantly larger (29 and 23%) in young (6-to 7-wk-old male and 8-to 11-wk-old female)
ϩ/ϩ 159 Ϯ 11.7 mg, n ϭ 12, P ϭ 0.03; female AS160 Ϫ/Ϫ 221 Ϯ 12.4 vs. AS160 ϩ/ϩ 180 Ϯ 10.5 mg, n ϭ 27-31, P ϭ 0.015). Also, AS160
Ϫ/Ϫ adipocytes, as determined for cells isolated from epididymal fat pads, were 25% larger (AS160 Ϫ/Ϫ 4,006 Ϯ 158 vs. AS160 ϩ/ϩ 3,088 Ϯ 176 AU, n ϭ 6, P ϭ 0.003). Adipocyte number in epididymal fat pads (two per mouse) were not significantly different between AS160 To test the possibility that an increase in cell surface GLUT4 (despite decreased GLUT4 expression) was responsible for the augmented basal glucose uptake in AS160
Ϫ/Ϫ adipocytes, we performed subcellular fractionation and cell surface labeling. Plasma membranes were isolated from adipose tissues of mice that were treated with or without insulin in vivo. We observed that, in plasma membranes obtained from non-insulin-treated mice, GLUT4 content was similar between AS160 Ϫ/Ϫ and AS160 ϩ/ϩ (Fig. 2D) . In response to insulin, GLUT4 increased 3.4-fold in the AS160 ϩ/ϩ plasma membranes but did not change in AS160
Ϫ/Ϫ plasma membranes (Fig. 2D) . In adipose tissue homogenates from which plasma membranes were derived, total GLUT4 was decreased by 25, 70, and 80% for AS160 ϩ/ϩ insulin, AS160 Ϫ/Ϫ basal, and AS160
Ϫ/Ϫ insulin, respectively, compared with AS160 ϩ/ϩ basal (Fig. 2E) . Due to the decrease in total GLUT4, the relative subcellular distribution of GLUT4 is not well represented by the data for plasma membrane-associated GLUT4 in Fig. 2D . However, the proposed function for AS160 is to regulate GLUT4 subcellular distribution under basal and insulin-stimulated conditions (11, 42) . Thus, to account for the changes in GLUT4 expression and obtain values for the relative distribution of GLUT4, we calculated the ratio for plasma membrane-associated GLUT4 and total GLUT4 (PM GLUT4/ Total GLUT4; Fig. 2F ). This revealed that the relative amount of GLUT4 in the plasma membrane was increased by a factor of 2.9 in basal AS160 Ϫ/Ϫ adipocytes compared with basal AS160 ϩ/ϩ . Insulin had no additional effect on GLUT4 content in AS160
Ϫ/Ϫ plasma membranes, whereas insulin clearly increased relative GLUT4 content in AS160 ϩ/ϩ plasma membranes (4.6-fold). Under both basal and insulin-stimulated conditions, the relative amounts of GLUT4 in AS160 Ϫ/Ϫ plasma membranes were significantly less than in AS160 ϩ/ϩ plasma membranes after insulin treatment. The lack of an insulin response in AS160 Ϫ/Ϫ plasma membranes was not due to impaired insulin signaling upstream of AS160 under the in vivo conditions used for the experiment, as insulin treatment elicited a similar level of Akt phosphorylation in AS160 Ϫ/Ϫ and AS160 ϩ/ϩ adipose tissue in the presence of similar Akt expression (Fig. 1D) .
Glucose uptake occurs only after GLUT4 is exposed at the cell surface. Plasma membranes isolated by subcellular fractionation may, in addition to GLUT4 incorporated into the plasma membrane after vesicle fusion (cell surface-exposed GLUT4), contain docked GLUT4 vesicles. To label cell surface-exposed GLUT4 in isolated adipocytes under basal and insulin-stimulated conditions, we used a membrane-impermeant biotinylated photo-cross-linkable glucose analog (Bio-LC-ATB-BGPA) (26) . We found that the amount of labeled GLUT4 under basal conditions, when corrected for total protein input, was similar for AS160 Ϫ/Ϫ and AS160 ϩ/ϩ adipocytes (Fig. 2G) . Labeled GLUT4 increased in response to insulin by 2-and 1.6-fold, respectively, in AS160 ϩ/ϩ and AS160 Ϫ/Ϫ adipocytes (Fig. 2G) . Considering that total GLUT4 in AS160 Ϫ/Ϫ adipocyte lysates, from which cell surface GLUT4 was derived, was decreased by 57% (Fig. 2H) , we calculated that the amount of cell surface GLUT4 as a fraction of total GLUT4 was increased by 1.6 in AS160
Ϫ/Ϫ compared with basal AS160 ϩ/ϩ adipocytes and was similar to the amount observed in insulin-stimulated AS160 ϩ/ϩ adipocytes (Fig. 2I ). Insulin stimulated a similar increase in the relative amounts of labeled GLUT4 in AS160
Ϫ/Ϫ and AS160 ϩ/ϩ adipocytes (1.7- 
Values are means Ϯ SE. AS160, Akt substrate of 160 kDa. Blood glucose (BG) and plasma insulin (Ins) were measured in random-fed and fasted male and female AS160
Ϫ/Ϫ (knockout, Ϫ/Ϫ) and AS160 ϩ/ϩ (wild type, ϩ/ϩ) mice at ages 7-10 wk (young male), 9 -12 wk (young female), and 8 -9 mo (older male and female). Body weights shown were measured after determination of blood glucose and insulin under random-fed conditions. Values for AS160
Ϫ/Ϫ mice marked with asteriks (*) are statistically significantly different from respective values for AS160 ϩ/ϩ mice, P Ͻ 0.05 (unpaired 2-tailed t-tests). and 1.8-fold, respectively). Thus, relative amounts of labeled GLUT4 in insulin-stimulated AS160 Ϫ/Ϫ adipocytes were 1.7-fold higher than in insulin-stimulated AS160 ϩ/ϩ adipocytes. In summary, in AS160 Ϫ/Ϫ adipocytes, basal glucose uptake was increased and insulin-stimulated glucose uptake decreased, whereas GLUT4 expression was downregulated and GLUT1 levels were normal. Relative levels of plasma membrane-associated GLUT4 and cell surface-labeled GLUT4 were increased under basal conditions in AS160 Ϫ/Ϫ adipocytes. Although plasma membrane-associated GLUT4 in AS160 Ϫ/Ϫ adipocytes did not further increase in response to insulin, cell surface-labeled GLUT4 and glucose uptake did. Although relative plasma membrane-associated and cell surface GLUT4 were increased, absolute respective GLUT4 levels were still lower than the glucose uptake data suggest.
Glucose uptake, GLUT4 expression, and GLUT4 subcellular distribution in different AS160 Ϫ/Ϫ skeletal muscles. AS160 is differentially expressed in different skeletal muscles (Fig. 1B) , but glucose uptake is in all of them regulated by insulin. Also, in all of them GLUT4 is the predominant glucose transporter that, when at the cell surface, mediates glucose uptake (33) . As representatives of muscles expressing high and low levels of AS160, respectively, we analyzed glucose uptake in isolated soleus and EDL muscles. As shown in Fig. 3, A and B, basal glucose uptake was normal in AS160 Ϫ/Ϫ soleus and EDL. After insulin stimulation, glucose uptake was reduced by 31% in AS160
Ϫ/Ϫ soleus but was normal in AS160 Ϫ/Ϫ EDL. Concomitantly, GLUT4 protein levels were reduced by 35% in AS160 Ϫ/Ϫ soleus (Fig. 3C ) but were normal in AS160 Ϫ/Ϫ EDL (Fig. 3D) . In contrast to adipocytes, GLUT4 mRNA levels in AS160 Ϫ/Ϫ soleus were not reduced (AS160 Ϫ/Ϫ /AS160 ϩ/ϩ ϭ 1.22 Ϯ 0.25, mean Ϯ SD, n ϭ 2, with soleus pooled from 7-8 mice for each genotype, P Ͼ 0.05). GLUT1 protein expression was normal in AS160 Ϫ/Ϫ soleus and EDL (data not shown). As shown in Fig. 1D , insulin signaling upstream of AS160 was normal, as Akt phosphorylation in response to increasing insulin concentrations was similar between AS160
Ϫ/Ϫ and AS160 ϩ/ϩ soleus (Fig. 1D) . To evaluate the effect of AS160 deletion on GLUT4 subcellular distribution in soleus, we determined GLUT4 cell surface exposure by cell surface labeling. As shown in Fig. 3E , cell surface GLUT4 in AS160 Ϫ/Ϫ soleus was lower (by 47 and 46%, respectively) under both basal and insulin-stimulated conditions compared with respective AS160 ϩ/ϩ soleus. After correction for the 36% decrease in total GLUT4 (Fig. 3F) , the relative amounts of labeled GLUT4 in basal AS160
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Ϫ/Ϫ soleus were 18% lower than in basal AS160 ϩ/ϩ soleus and not significantly different for insulin-stimulated AS160 Ϫ/Ϫ and AS160 ϩ/ϩ soleus (Fig. 3G ). Due to its small size, soleus is not amenable to subcellular fractionation; the large skeletal muscles gastrocnemius and quadriceps were thus used for this analysis. As shown in Fig.  1 , B and C, gastrocnemius is similar to soleus in that it also expresses high levels of AS160, AS160 is the predominant Akt substrate at 160 kDa phosphorylated in response to insulin, and Tbc1d1 is expressed at low levels. We found that GLUT4 was increased in AS160 Ϫ/Ϫ plasma membranes derived from gastrocnemius/quadriceps of non-insulin-treated mice compared with AS160 ϩ/ϩ . Insulin treatment did not elicit a further increase of GLUT4 in AS160 Ϫ/Ϫ plasma membranes, whereas it triggered a significant increase of GLUT4 in AS160 ϩ/ϩ plasma membranes. Evaluation of total gastrocnemius/quadriceps membranes from which the plasma membrane fractions were derived showed 14, 24, and 19% decreases in GLUT4 for AS160 ϩ/ϩ insulin, AS160 Ϫ/Ϫ basal and AS160 Ϫ/Ϫ insulin, respectively, compared with AS160 ϩ/ϩ basal (Fig. 3I) . After taking these changes in GLUT4 into account, we found that the amount of GLUT4 was increased 1.8-fold in AS160
Ϫ/Ϫ plasma membranes under basal conditions and similar to AS160 ϩ/ϩ levels after insulin stimulation. There was no further increase in GLUT4 in response to insulin in AS160 Ϫ/Ϫ plasma membranes, whereas in AS160 ϩ/ϩ plasma membranes there was a 1.9-fold increase (Fig. 3J) . The lack of an insulin response was not due to impaired insulin signaling through Akt under the in vivo conditions used for insulin treatment before isolation of the muscles (Fig. 1D) .
In summary, in AS160 Ϫ/Ϫ soleus, insulin-stimulated glucose uptake was impaired proportionally to the decrease in GLUT4 expression. Although basal glucose uptake in soleus was normal, it was higher than expected based on total GLUT4 expression and GLUT4 cell surface exposure. GLUT1 expression was normal in AS160 Ϫ/Ϫ soleus (data not shown). Relative levels of cell surface-labeled GLUT4 were similar for AS160 Ϫ/Ϫ and AS160 ϩ/ϩ mice under both basal and insulinstimulated conditions. In large skeletal muscles, plasma membrane-associated GLUT4 was increased under basal conditions and did not increase in response to insulin despite normal insulin signaling. Glucose uptake and GLUT4 expression were not affected in AS160
Ϫ/Ϫ EDL.
Whole body glucose homeostasis and insulin sensitivity in AS160
Ϫ/Ϫ mice. To determine how the deletion of AS160 affects whole body insulin sensitivity and glucose tolerance, we performed insulin and glucose tolerance tests. We found that insulin tolerance was impaired in both male and female AS160 Ϫ/Ϫ mice (Fig. 4A) , while glucose tolerance was impaired in female but not in male AS160 Ϫ/Ϫ mice (Fig. 4B) . The normal glucose tolerance in the presence of impaired insulin tolerance in the AS160 Ϫ/Ϫ male was not due to increased insulin secretion, as insulin levels measured at 0, 5, and 30 min during a glucose tolerance test were the same for AS160 A: glucose uptake in isolated white adipocytes. Epididymal adipocytes were isolated from 6-to 7-wk-old male AS160 Ϫ/Ϫ (filled bars) and AS160 ϩ/ϩ mice (open bars), and glucose uptake was measured in the absence (Bas) and presence of 10 nM insulin. Glucose uptake (GU) was calculated in amol glucose·cell Ϫ1 ·min Ϫ1 and data (means Ϯ SE) plotted relative to AS160 ϩ/ϩ basal (ϩ/ϩ Bas; n ϭ 6). *P Ͻ 0.05 for comparisons of data with AS160 ϩ/ϩ Bas (1-sample t-tests with AS160 ϩ/ϩ Bas assigned a value of 1);^P Ͻ 0.05 for comparison AS160 Ϫ/Ϫ Bas and AS160 Ϫ/Ϫ Ins with AS160 ϩ/ϩ Ins; #P Ͻ 0.05 for comparison between AS160 Ϫ/Ϫ Bas and AS160 Ϫ/Ϫ Ins using unpaired 2-tailed t-tests. Glucose uptake assays were repeated with female mice at 6 -7 wk and with male and female mice at 5 mo, and similar results were obtained. B: GLUT4 expression in WAT. Homogenates prepared from epididymal fat pads (40 g total protein/lane) from 6-to 7-wk-old male AS160 Ϫ/Ϫ (filled bar) and AS160 ϩ/ϩ mice (open bar) were immunoblotted with GLUT4 antibodies. Top: GLUT4 immunoblot; bottom: quantitations of GLUT4 signals on immunoblots (means Ϯ SE, n ϭ 3) in %AS160 ϩ/ϩ (%ϩ/ϩ, one of the AS160 ϩ/ϩ samples assigned a value of 100%). Data were compared with an unpaired 2-tailed t-test (*P Ͻ 0.05). Immunoblotting of WAT from 6-to 7-wk-old female and epididymal and parametrial adipose tissues from 5-mo-old male and female mice, respectively, yielded similar results (data not shown and Fig. 2E) . C: GLUT1 expression in isolated adipocytes. Adipocytes were isolated from epididymal and parametrial adipose tissue of 14-wk-old male and female AS160 Ϫ/Ϫ and AS160 ϩ/ϩ mice, and cell lysates (60 g total protein/lane) immunoblotted for GLUT1. Representative immunoblot is shown in top. GLUT1 signals on immunoblots were quantified using TotalLab Quant, and means Ϯ SE (n ϭ 4) graphed in % of AS160 ϩ/ϩ with one of the AS160 ϩ/ϩ samples assigned a value of 100%. Data for AS160 Ϫ/Ϫ and AS160 ϩ/ϩ were compared with unpaired 2-tailed t-tests; no significant difference (P Ͻ 0.05) was observed. D-F: plasma membrane (PM)-associated GLUT4. Female AS160 ϩ/ϩ (open bars) and AS160 Ϫ/Ϫ (filled bars) 5-to 7-mo-old mice were fasted for 6 h and treated with no insulin (Bas) or insulin (21 mU/g body wt). WAT was dissected and subjected to subcellular fractionation. PMs (8 g protein/lane; D: PM GLUT4) and homogenates (28 g protein/lane; E: total GLUT4 in homogenates) were immunoblotted for GLUT4. D and E, top: representative GLUT4 immunoblots from one subcellular fractionation. PM GLUT4 and total GLUT4 were quantified and expressed as relative levels of AS160 ϩ/ϩ Bas, and means Ϯ SE (n ϭ 4) are shown in bar graphs below respective immunoblots. Ratios of normalized PM GLUT4 to total GLUT4 were calculated (PM GLUT4/Total GLUT4) and data (means Ϯ SE, n ϭ 4) plotted, F: PM GLUT4 relative to total GLUT4. *P Ͻ 0.05 for comparisons of data with AS160 ϩ/ϩ Bas (1-sample t-tests with AS160 ϩ/ϩ Bas assigned a value of 100 or 1);^P Ͻ 0.05 for comparison AS160 Ϫ/Ϫ Bas and AS160 Ϫ/Ϫ Ins with AS160 ϩ/ϩ Ins; #P Ͻ 0.05 for comparison between AS160 Ϫ/Ϫ Bas and AS160
Ϫ/Ϫ
Ins using unpaired 2-tailed t-tests. Preliminary studies with subcellular fractions from epididymal fat pads from male mice yielded similar results as shown for female. G-I: cell surface GLUT4. Adipocytes were isolated from parametrial fat depots of 8-to 11-wk-old female AS160 ϩ/ϩ (open bars) and AS160 Ϫ/Ϫ mice (filled bars). Isolated adipocytes were incubated without (Bas) or with 20 nM insulin and processed for cell surface labeling with the biotinylated membrane-impermeable compound Bio-LC-ATB-BGPA. Representative immunoblots for labeled cell surface GLUT4 (in entire streptavidin precipitate) and total GLUT4 (in 15 g adipocyte lysate protein/lane) are shown in G and H, respectively. Signals on immunoblots were quantified and corrected for total protein input, and AS160 ϩ/ϩ Ins, AS160 Ϫ/Ϫ Bas, and AS160 Ϫ/Ϫ Ins were expressed as fractions of AS160 ϩ/ϩ Bas and means Ϯ SE (n ϭ 4) plotted (bar graphs below respective immunoblots). Relative values for cell surface GLUT4 were divided by relative values for total GLUT4 to obtain ratios for cell surface GLUT4/total GLUT4 and means Ϯ SE (n ϭ 4) plotted, I: cell surface GLUT4 relative to total GLUT4. *P Ͻ 0.05 (unless indicated otherwise) comparing data to AS160 ϩ/ϩ sample assigned a value of 100%). *P Ͻ 0.05 compares AS160 Ϫ/Ϫ with AS160 ϩ/ϩ data with unpaired 2-tailed t-tests. Experiments shown in A-D were also performed with 5-wk-old female and 20-wk-old male and female mice, and similar results were obtained. E-G: soleus cell surface GLUT4. Soleus muscles were isolated from 9-wk-old female AS160 Ϫ/Ϫ (filled bars) and AS160 ϩ/ϩ mice (open bars), incubated without (Bas) or with 130 nM insulin and muscles processed and evaluated as described for Fig. 2, G-I . Representative immunoblots for cell surface GLUT4 (derived from entire streptavidin precipitates) and total GLUT4 (1/25 of total membrane pellet or ϳ50 g total membrane protein), respectively, are shown in E, top, soleus cell surface GLUT4 and F, soleus total GLUT4. Signals on immunoblots were quantified and corrected for protein input, and means Ϯ SE (n ϭ 3-4) were plotted (bar graphs below respective immunoblots). The ratios cell surface/total GLUT4 were calculated and data (means Ϯ SE, n ϭ 3-4) plotted (G: soleus cell surface GLUT4 relative to total GLUT4). *P Ͻ 0.05 (unless indicated otherwise) for comparisons of data with AS160 ϩ/ϩ Bas (1-sample t-tests with AS160 ϩ/ϩ Bas assigned a value of 100 or 1);^P Ͻ 0.05 for comparison AS160 Ϫ/Ϫ Bas and AS160 Ϫ/Ϫ Ins with AS160 ϩ/ϩ Ins; #P Ͻ 0.05 for comparison between AS160 Ϫ/Ϫ Bas and AS160 Ϫ/Ϫ Ins using unpaired 2-tailed t-tests. Preliminary studies with soleus isolated from male mice yielded similar results as shown for female. H-J: Gastro/Quad PM-associated GLUT4. Experiment was carried out as described in Fig. 2 , D-F, with 10-to 14-wk-old male AS160 Ϫ/Ϫ (filled bars) and AS160 ϩ/ϩ mice (open bars) but gastrocnemius and quadriceps muscles were isolated, pooled (Gastro/Quad), and subjected to subcellular fractionation. Immunoblots for GLUT4 were performed on PM GLUT4 (5 g protein/lane) and total membranes (total GLUT4)(10 g protein/lane), and representative immunoblots for one subcellular fractionation are shown in H, Gastro/Quad PM GLUT4, and I, Gastro/Quad total GLUT4, respectively. Signals on immunoblots were quantified, and means Ϯ SE (n ϭ 4) were plotted (bar graphs below respective immunoblots). Ratios for PM GLUT4/Total GLUT4 (means Ϯ SE, n ϭ 4) were calculated as described in Fig. 2F and plotted (I: Gastro/Quad PM GLUT4 relative to total GLUT4). *P Ͻ 0.05 (unless indicated otherwise) comparing data to AS160 ϩ/ϩ Bas using 1-sample t-tests, with AS160 ϩ/ϩ Bas assigned a value of 100 or 1. Preliminary studies with subcellular fractions from Gastro/Quad isolated from female mice yielded similar results as shown for male. mice. However, glucose and insulin tolerance tests with 8-to 9-mo-old mice yielded similar results (data not shown). Random-fed and fasting blood glucose and plasma insulin levels for young (7-12 wk) and older (8 -9 mo) AS160 Ϫ/Ϫ and AS160 ϩ/ϩ male and female mice are listed in Table 1 . Random-fed glucose and insulin levels were similar between AS160 Ϫ/Ϫ and AS160 ϩ/ϩ mice for both males and females, with one exception: older male AS160 Ϫ/Ϫ mice had lower glucose levels. However, after 6 h of fasting, AS160
Ϫ/Ϫ mice of all ages and both sexes showed decreased blood glucose levels in the presence of normal or decreased (young male) insulin levels. In contrast, after overnight fasting, blood glucose levels between AS160 Ϫ/Ϫ and AS160 ϩ/ϩ mice were similar for both males and females (data not shown).
To shed more light on the discrepancy between severely impaired insulin but normal glucose tolerance in male
AS160
Ϫ/Ϫ mice, we determined glucose uptake in different skeletal muscles and adipose tissues and glucose incorporation into glycogen in liver in vivo by injecting mice with radioactive 2-deoxyglucose together with either regular glucose or saline, as described (52) . We found that, in brown adipose tissue of saline-injected mice, glucose uptake was increased threefold for AS160
Ϫ/Ϫ compared with AS160 ϩ/ϩ mice and was thus similar to AS160 ϩ/ϩ glucose-injected mice (Fig. 5A ). Glucose injection, stimulating insulin release, further increased glucose uptake 1.5-fold in AS160 Ϫ/Ϫ brown adipose tissue, thus raising it above the level observed in glucose-injected AS160 ϩ/ϩ mice. GLUT4 is the major glucose transporter in brown adipocytes and predominantly determines basal and insulin-stimulated glucose uptake (44) , but GLUT1 is also expressed. We found that in AS160 Ϫ/Ϫ brown adipose tissue GLUT4 was decreased by 19% whereas GLUT1 was normal (data not shown). Glucose uptake in white adipose tissue was similar for AS160 Ϫ/Ϫ and AS160 ϩ/ϩ mice injected with saline and glucose despite decreased expression of GLUT4 and normal expression of GLUT1 in AS160 Ϫ/Ϫ adipose tissue and adipocytes (Fig. 2, B and C) . The large mixed-fiber type skeletal muscles, represented by gastrocnemius and quadriceps muscles, are major contributors to glucose homeostasis. We found that glucose uptake was decreased by 39% in the AS160 Ϫ/Ϫ gastrocnemius isolated from saline-injected mice (Fig. 5C ). While after glucose injection glucose uptake increased 1.5-fold in AS160 ϩ/ϩ gastrocnemius, it had no effect in AS160 Ϫ/Ϫ gastrocnemius (Fig. 5C ). These findings could not be explained by major decreases in GLUT4 (Fig. 3I) or any changes in GLUT1 expression (data not shown). Furthermore, they were inconsistent with our data showing increased GLUT4 plasma membrane association in gastrocnemius/quadriceps under basal conditions (Fig. 3H) . To evaluate whether the impaired glucose uptake in gastrocnemius was specific to muscles that normally express AS160 well (Fig. 1B) , we also determined glucose uptake in TA and EDL muscles that normally express low levels of AS160 (Fig. 1B) . As shown in Fig. 5, D and E, glucose uptake in TA and EDL was similarly affected as in gastrocnemius. Glucose uptake was normal in saline-injected AS160 Ϫ/Ϫ TA and EDL. It did not increase after glucose injection in AS160 Ϫ/Ϫ but increased 1.7-fold in AS160 ϩ/ϩ TA and EDL. GLUT4 expression was similar between AS160
Ϫ/Ϫ and AS160 ϩ/ϩ TA (data not shown) and EDL (Fig. 3D) . To evaluate whether the liver compensated for impaired glucose uptake in skeletal muscles, we measured glucose incorporation into glycogen, as described in Ref. 52 . We found that, in saline-injected mice, glucose incorporation into glycogen was similar between AS160 Ϫ/Ϫ and AS160 ϩ/ϩ liver. But while it increased 2.2-fold in AS160 ϩ/ϩ liver after glucose injection, it remained at basal levels in AS160 Ϫ/Ϫ liver. AS160 is not expressed at detectable levels in liver but is abundant in tissues other than adipose and skeletal muscle tissues that play roles in the regulation of whole body glucose homeostasis: pancreas, brain, and kidney (Fig. 5G) .
In summary, AS160 Ϫ/Ϫ mice show an impaired ability to lower blood glucose levels in response to a bolus of insulin. Glucose tolerance is impaired in female but not male AS160 Ϫ/Ϫ mice. Under random-fed conditions, insulin and glucose levels are normal. However, AS160
Ϫ/Ϫ mice are hypoglycemic after 6 h of fasting in the presence of normal insulin levels. While glucose uptake is enhanced in brown . B: glucose tolerance tests were performed with male (3-4 mo, n ϭ 5-7) and female (4 mo, n ϭ 7) AS160 Ϫ/Ϫ (broken lines) and AS160 ϩ/ϩ mice (solid lines). BG levels were measured before (time 0) and after ip injection of glucose (1 and 2 mg/g body wt) at 10, 20, 30, 60, 90, and 120 min. Data (BG, means Ϯ SE) were graphed. Data were statistically significantly different for female mice (P Ͻ 0.0001, 2-way ANOVA) but not for male mice (P Ͼ 0.05, 2-way ANOVA) using glucose at 1 (male 1) or 2 (male 2) mg/g body wt. When glucose at 2 mg/g body wt was used in female mice, several of the BG levels (8 for AS160
ϩ/ϩ and 14 for AS160 Ϫ/Ϫ ) were above the reading range of the glucometer (Ͼ600 mg/dl). Body weights for AS160 ϩ/ϩ and AS160 Ϫ/Ϫ mice used in these tests were similar (data not shown). Tests were repeated with 8-to 9-mo-old male and female mice, and similar differences were observed between AS160
Ϫ/Ϫ and AS160 ϩ/ϩ mice as shown for the younger mice.
adipose tissue of AS160 Ϫ/Ϫ mice under both basal and insulinstimulated conditions, it is similar to wild type in white adipose tissue. Glucose uptake in all evaluated AS160 Ϫ/Ϫ skeletal muscles and glucose incorporation into glycogen in AS160 Ϫ/Ϫ liver are normal or decreased (gastrocnemius) under basal conditions but do not respond to insulin.
DISCUSSION
The studies with isolated adipocytes and skeletal muscles presented herein establish that AS160 is required for proper regulation of glucose uptake and GLUT4 trafficking and expression in primary adipocytes and in skeletal muscles in which it is normally expressed. They further support the notion that there are differences in the regulation of glucose uptake and GLUT4 cell surface exposure between skeletal muscles and adipocytes. In vivo studies suggest that deletion of AS160 leads to conditions that allow differential regulation of glucose disposal into adipose tissues and skeletal muscles.
Key to the regulation of glucose uptake into adipocytes and skeletal muscles is GLUT4 intracellular sequestration under basal conditions. Previous studies in 3T3-L1 adipocytes in which AS160 was knocked down using shRNA GLUT4 amounts at the cell surface were increased in the basal state (11, 27) . But the magnitude of the effect differed between studies, ranging from partial relocation of GLUT4 to the cell surface (3-fold increase) (11) to a full insulin-like effect (8-fold increase) (27) . These mixed effects in 3T3-L1 adipocytes were most likely due to different extents of AS160 elimination (27) . Our results with primary adipocytes show that complete knockout of AS160 increased relative GLUT4 plasma membrane association and cell surface expression under basal conditions to levels that were similar to those in insulin-stimulated wild type. Furthermore, basal glucose uptake was 1.7-fold higher in AS160 Ϫ/Ϫ than in AS160 ϩ/ϩ adipocytes, even though total GLUT4 was reduced 58% in AS160 Ϫ/Ϫ adipocytes. Thus, when basal glucose uptake in AS160 Ϫ/Ϫ adipocytes is normalized to wild-type GLUT4 amounts, it is increased fourfold, which is comparable to the fivefold increase in glucose uptake that occurred in response to insulin in AS160 ϩ/ϩ adipocytes. In brown adipose tissue of AS160 Ϫ/Ϫ mice, in vivo glucose uptake was threefold higher than in wild type under basal conditions and was thus the same as in insulin-stimulated wild type. Since AS160 knockout reduced the total amount of GLUT4 in brown adipose tissue by only 19%, normalization for the total amount of GLUT4 can be neglected. These findings thus support an indispensable role for AS160 in GLUT4 intracellular retention in basal primary adipocytes, preventing GLUT4 vesicles from docking and fusing with the plasma membrane. The lack of AS160 Rab GAP function in the AS160 Ϫ/Ϫ adipocytes most likely leads to increased amounts of GTP-bound Rabs that in turn trigger unrestricted GLUT4 translocation to the plasma membrane.
There is good evidence that the rate-limiting step(s) controlled by insulin is/are the docking and/or fusion of the GLUT4 vesicles with the plasma membrane (1, 24, 30) . Studies with 3T3-L1 adipocytes expressing AS160 phosphorylation site mutants (AS160-4A) placed the point of AS160 action upstream of GLUT4 vesicle fusion with the plasma membrane (51) and at the docking of GLUT4 vesicles to the plasma membrane (1) . A recent in vitro study using GLUT4 vesicles and plasma membranes isolated from rat adipocytes further supports a role for AS160 in GLUT4 vesicle fusion with the plasma membrane (25) . We observed that, although insulin did not further increase GLUT4 associated with the plasma membrane in AS160
Ϫ/Ϫ adipocytes, it elicited a further increase in GLUT4 cell surface exposure and glucose uptake. This suggests that, while AS160 is the only factor restricting GLUT4 plasma membrane association, there are other insulin-mediated AS160-independent inputs regulating GLUT4 cell surface exposure and glucose uptake. Two possibilities are the Ral GAP-complex (8) and CDP138 (48) . These two Akt substrates have been implicated in stimulating GLUT4 vesicle fusion with the plasma membrane upon phosphorylation. The fact that insulin-elicited (relative or absolute) cell surface exposure and glucose uptake were higher in AS160 Ϫ/Ϫ white and brown adipocytes than in respective AS160 ϩ/ϩ adipocytes suggests that in wild-type cells the Rab GAP activity of AS160 is not completely suppressed by insulin.
Although the relative levels of GLUT4 at the cell surface were increased under both basal and insulin-stimulated conditions, the absolute levels of GLUT4 that were cell surface exposed were similar to wild type in basal AS160
Ϫ/Ϫ adipocytes and decreased under insulin-stimulated conditions. While under insulin-stimulated conditions the decreased cell surface exposure was accompanied by similar relative decreases in glucose uptake, under basal conditions glucose uptake was higher than expected from cell surface-exposed GLUT4. A similar observation applies to isolated soleus, in which glucose uptake was higher than expected based on GLUT4 cell surface labeling data under basal and insulinstimulated conditions. These discrepancies are not due to increased GLUT1 expression in adipocytes and soleus. Also, GLUT1 trafficking is not regulated by AS160 in 3T3-L1 adipocytes (11); therefore, differential GLUT1 distribution in AS160 Ϫ/Ϫ cells most likely does not occur. Our observations thus imply that in AS160 Ϫ/Ϫ adipocytes and soleus the intrinsic activity of cell surface GLUT4 is increased, pointing to a possible additional control point for AS160. A few studies have suggested activation of GLUT4 after incorporation into the plasma membrane (13) . Alternatively, differential access of the cell surface label (glucose analog) and glucose to GLUT4 in AS160 Ϫ/Ϫ and AS160 ϩ/ϩ cells may explain the discrepancy. Only a few studies have addressed AS160 function in muscle. In the L6 skeletal muscle cell line, AS160 knockdown and overexpression of the AS160-4A mutant affects GLUT4 subcellular distribution similarly to 3T3-L1 adipocytes (50) . Studies with mouse tibialis anterior muscles transfected with wild type and mutant AS160 uncovered roles for AS160 in insulin-and exercise-mediated increases in glucose uptake (21) . However, two recent studies with AS160 knockin mice (discussed in more detail below) suggest that, although AS160 is required for insulin-stimulated glucose uptake in all tested skeletal muscles (including soleus and EDL) (7), it is not involved in exercise-mediated glucose uptake (10) . Our results with isolated soleus and EDL muscles show that the knockout of AS160 had quite different effects in different muscles. In EDL, AS160 knockout had no effect on glucose uptake or GLUT4 expression. In soleus, AS160 deletion caused a 35% reduction in the total GLUT4 amount. This reduction was associated with normal basal glucose uptake and a decrease of similar magnitude in insulin-stimulated glucose uptake. However, relative cell surface GLUT4 exposure in soleus was similar to wild type under both basal and insulin-stimulated conditions. This finding contrasts with the observations in adipocytes in which AS160 deletion increased basal and insulin-stimulated GLUT4 cell surface exposure. In adipocytes, this occurred together with increased GLUT4 plasma membrane association. Although GLUT4 plasma membrane association could not be determined in soleus, the findings for the large skeletal muscles showing that AS160 deletion increased GLUT4 in the plasma membrane in the basal state with no further change in response to insulin suggest that GLUT4 plasma membrane association in soleus may be similar to that in adipocytes. This in turn would imply differences in the regulation of GLUT4 cell surface exposure between soleus and adipocytes, being AS160 independent in the former and at least partially AS160 dependent in the latter. Clear differences in GLUT4 trafficking in primary adipocytes and skeletal muscles have been established by live microscopy (28, 30, 31) . It is, however, also possible that adipocytes and skeletal muscles differentially respond to metabolic changes inflicted by AS160 deletion. This is supported by differential regulation of GLUT4 expression at the mRNA and protein levels, respectively, in adipocytes and soleus and by the in vivo data discussed below.
In AS160 Ϫ/Ϫ adipocytes, both GLUT4 mRNA and GLUT4 protein levels are downregulated to a similar extent, but in soleus GLUT4 is decreased only at the protein level. While the data in adipocytes suggest changes in GLUT4 transcription, the data in soleus indicate increased GLUT4 protein turnover. At this point, the underlying mechanisms responsible for the changes in GLUT4 expression and the differences thereof between adipocytes and soleus are unknown. Observations in Tbc1d1-deficient (45) and in AS160 knockin mice (7) demonstrating down-and upregulation of GLUT4, respectively, in respective muscle tissues also only at the protein level suggest similar roles for AS160 and Tbc1d1 in GLUT4 regulation in muscles. It is possible that changes in GLUT4 trafficking resulting from the lack of AS160 and Tbc1d1 functions lead to increased degradation of GLUT4. This is, however, not supported by the finding that expression of the insulin-regulated aminopeptidase (IRAP), a protein that has the same trafficking characteristics as GLUT4 (19) , is not changed in AS160 0.97 Ϯ 0.12 (n ϭ 3) in adipose tissue and 1.16 Ϯ 0.14 (n ϭ 3) in soleus], whereas preliminary data from subcellular fractionations indicate that IRAP shows the same changes in subcellular distribution as GLUT4 (data not shown). IRAP expression is also not changed in Tbc1d1-deficient mice (45) . Unless the turnovers of IRAP and GLUT4 are differently regulated, it is thus more likely that changes in GLUT4 expression are the consequence of metabolic changes that occur in response to modifications in GLUT4 trafficking inflicted by AS160 or Tbc1d1 deletion. Differential responses to metabolic changes that follow the different changes in GLUT4 trafficking and thus glucose uptake could also lead to differential regulation of GLUT4 in adipocytes and skeletal muscles of AS160 Ϫ/Ϫ mice. The disparate observations between soleus and EDL muscles most likely reflect differential AS160 expression; AS160 is well expressed in soleus and has low abundance in EDL (Fig.  1B and Ref. 46) . Tbc1d1, in contrast, is well expressed in EDL but has low abundance in soleus (Fig. 1C and Ref. 46 ). These distributions suggest that AS160 and Tbc1d1 play similar but not redundant roles in the regulation of glucose uptake in different muscles. With regard to the similar roles of AS160 and Tbc1d1, in mice with a deletion in the Tbc1d1 gene and no detectable levels of Tbc1d1 protein, glucose uptake and GLUT4 expression are impaired in EDL but not in soleus (4, 45) . In support of nonredundant roles for the two Rab GAPs, we found no upregulation of Tbc1d1 in any AS160
Ϫ/Ϫ skeletal muscles and adipose tissues, and Szekeres et al. (45) found no upregulation of AS160 in Tbc1d1-deficient skeletal muscles.
Our in vivo studies demonstrate that AS160 plays a role in the regulation of glucose homeostasis. Alterations in glucose homeostasis in AS160 Ϫ/Ϫ mice appeared under challenged conditions (fasting and glucose and insulin tolerance tests). The impaired lowering of blood glucose in response to insulin is most likely due to impaired glucose uptake by skeletal muscles and defective glycogen synthesis in liver, as demonstrated by the in vivo glucose disposal studies. The hypoglycemia observed in AS160 Ϫ/Ϫ mice after 6 h of fasting may be the result of decreased glycogen reserve in the liver. However, the findings of normal (male) and only mildly impaired (female) glucose tolerance in AS160 Ϫ/Ϫ mice are not compatible with severely impaired glucose disposal into all skeletal muscles and the liver; yet glucose uptake was increased in brown adipose tissue and normal in white adipose tissue. Skeletal muscle, due to its large mass, is the major contributor to glucose disposal. Although brown adipose tissue takes up the largest amount of glucose per gram of tissue, due to its small size its increased glucose uptake can make up for only a portion of the impaired glucose uptake into skeletal muscles. White adipose tissue contributes only little to glucose uptake (ϳ1/10th to 1/40th that of other tissues after saline and glucose injections, respectively), and in the mice used for the in vivo glucose uptake studies white adipose tissue mass was not significantly different for the AS160 Ϫ/Ϫ mice. It is thus very likely that additional modifications contribute to the regulation of glucose homeostasis in AS160 Ϫ/Ϫ mice. AS160 is not only found in skeletal muscles and adipocytes, it is also highly expressed in other tissues that play roles in the maintenance of glucose homeostasis, including pancreas (Fig. 5G ) and pancreatic islets (2), brain (Fig. 5G, Ref. 17 ) and kidney (Fig. 5G,  Ref. 32 ). Our insulin measurements do not support impaired ␤-cell function in AS160 Ϫ/Ϫ mice. However, the role of AS160 in these other tissues awaits elucidation. The difference in glucose tolerance between male and female AS160 Ϫ/Ϫ mice cannot be explained at this time. But different body compositions of male and female mice in general, with higher body fat content in male mice [25 Ϯ 2.1 vs. 18 Ϯ 0.4% in female (n ϭ 4 -6) at 19 wk of age, P ϭ 0.004] and differential effects on glucose uptake between adipose and skeletal muscle tissues in AS160 Ϫ/Ϫ mice may play a role in this. The fact that glucose uptake was normal in isolated EDL but severely impaired in vivo, similar to other evaluated muscles, suggests that circulating factors/metabolites modified due to the absence of AS160 exert effects on glucose uptake. Preliminary data indicate that circulating free fatty acids are increased in the AS160 Ϫ/Ϫ mice under the conditions used for the glucose disposal experiments (after 6 h of fasting and 2 h after glucose injection). Increased circulating free fatty acids can impair glucose disposal in skeletal muscle and liver (3). Interestingly, AS160
Ϫ/Ϫ adipose tissue glucose uptake was unaffected by these changes. Also, note that this occurred in the presence of increased GLUT4 plasma membrane association in both gastrocnemius/quadriceps and adipose tissues. These findings thus further suggest differential regulation of cell surface exposure and/or GLUT4 activity between skeletal muscles and adipose tissues. The apparent difference in basal glucose uptake between isolated adipocytes and white adipose tissue in vivo of AS160 Ϫ/Ϫ mice, increased and normal, respectively, is most likely due to differences in how glucose uptake is expressed, in the former as glucose taken up per adipocyte and in the latter as glucose taken up per gram of tissue. Considering that lipid stores in adipocytes determine to a large extent adipose tissue weight and adipocyte size, and adipocyte size on average was increased in AS160 Ϫ/Ϫ adipose tissue, there are fewer cells per gram of adipose tissue in the AS160 Ϫ/Ϫ than in the AS160 ϩ/ϩ mice. Thus, similar in vivo glucose uptake for AS160 ϩ/ϩ and AS160 Ϫ/Ϫ adipose tissues per gram of tissue are compatible with increased glucose uptake per AS160 Ϫ/Ϫ adipocyte. But note that no matter how the data are expressed, both in vivo and in vitro glucose uptake are higher than expected under both basal and insulin-stimulated conditions, when decreased GLUT4 expression is considered, and are consistent with relative increased cell surface exposure of GLUT4 in white adipocytes.
Tbc1d1-deficient mice also showed discrepancies between in vitro and in vivo glucose uptake (45); insulin-stimulated glucose uptake in EDL muscles was impaired in vitro but was increased in vivo. Clearly different from the AS160 Ϫ/Ϫ mice, in which all skeletal muscles were affected, irrespective of whether they normally express high or low levels of AS160, in the Tbc1d1-deficient mice the increase in the in vivo glucose uptake was limited to EDL and tibialis anterior muscles, which normally express the highest levels of Tbc1d1. It is thus very likely that the mechanisms underlying the observations in Tbc1d1-and AS160-deficient mice are different.
Only one other study has addressed AS160 function in a physiological context (7). Chen et al. (7) generated AS160 knockin mice in which wild-type AS160 was replaced by AS160 with Thr 649 , a major site of insulin-stimulated Akt phosphorylation, mutated to Ala. In 3T3-L1 adipocytes, the same AS160 mutant reduced the insulin-stimulated increase in cell surface GLUT4 by 60%, most likely because Akt cannot phosphorylate the mutated site and the Rab GAP activity of AS160 is not suppressed by insulin (42) . Indeed, in the AS160 knockin mice, insulin-stimulated glucose uptake in different muscles was inhibited and glucose tolerance impaired, although increased GLUT4 expression compensated, at least in part, for defects in GLUT4 translocation. Surprisingly, how-ever, insulin-stimulated glucose uptake in adipocytes was not inhibited.
In conclusion, our studies establish AS160 as an important player in the regulation of GLUT4 trafficking and glucose uptake in vivo in primary adipocytes and skeletal muscles and in whole body glucose homeostasis. The significance of our observations to diseases associated with impaired glucose homeostasis, foremost diabetes, will need to be established. Elucidation of the molecular mechanisms underlying differential AS160 action in adipocytes and different skeletal muscles may identify novel targets for differential manipulation of glucose transport between skeletal muscles and adipocytes and thus of whole body glucose homeostasis.
